Please cite this article as: Chen, W., Park, K., Pan, Y., Koretsky, A.P., Du, C., Interactions between stimuli-evoked cortical activity and spontaneous low frequency oscillations measured with neuronal calcium, NeuroImage (2020), doi: https://doi.
Introduction 1
The brain is a complex and dynamic system that spontaneously activates and responds to external 2 stimulation (Buzsaki, 2006) . Spontaneous brain activity has implications in playing critical roles in 3 influencing perception and learning as well as formation and maintenance of cortical connections and 4 memory formation (Fell and Axmacher, 2011) . The interactions between spontaneous brain activity 5
and task-or stimulation-evoked brain responses are not fully understood. 6 Various studies have been conducted to address this question. Earlier electrophysiological recordings 7
showed that neuronal responses to sensory stimulation are modulated by the spontaneous neuronal 8 oscillatory activities (Rice and Hagstrom, 1989) . For instance, neuronal responses evoked by visual 9 stimuli were dependent on the phase of spontaneous neuronal oscillations across multiple oscillatory 10 bands, e.g., alpha, delta, theta and gamma bands (Lakatos et al., 2007) . There were preferable and 11 unpreferable phases of ongoing neuronal activities for sensory-stimulation-evoked neuronal responses 12 (Fries et al., 2001; Kruglikov and Schiff, 2003) . Studies also reported that the excitability of a neuronal 13 network could be tuned by changing the phase of the ongoing neuronal oscillations. For instance, 14 somatosensory inputs could reset the phase of the ongoing neuronal oscillations in auditory cortex to a 15 preferable excitable phase (Lakatos et al., 2007) and the neuronal network tended to balance its 16 excitability to recurrent sensory stimuli (Kohn and Movshon, 2003) . These studies focused mostly on 17 frequencies above 4Hz . 18 The finding that there is large power in low frequency oscillations (LFOs) (He and Raichle, 2009) 19 combined with the ability of fMRI to make connectivity maps using low frequency hemodynamic 20 changes (Smitha et al., 2017) has led to a large interest in the interaction between evoked activity and 21 ongoing low-frequency activity. fMRI studies revealed that trial-to-trial variabilities in sensory-22 stimulation-evoked blood-oxygen-level dependent (BOLD) responses were affected by the resting-state 23
LFOs. A linear-superposition model has been used to account for the variabilities. This model assumed 24
that the stimulation-evoked brain responses were linearly superimposed on any ongoing activities, so 25 the baseline effects could be canceled by averaging across multiple stimulation trials (Fox et al., 2006) . 26 However, recent studies suggest that the BOLD responses can interact with the ongoing brain activities 27 in a more complicated fashion (He, 2013; Huang et al., 2017; Murphy et al., 2009 ). For example, 28 simultaneous EEG and fMRI showed an inverse relationship between peristimulus EEG alpha 29 oscillations (8) (9) (10) (11) (12) and the BOLD responses to auditory and visual stimulations (Becker et al., 2011) . 30
It has also become clear that the state of the brain as characterized by ongoing activity can influence 31 performance especially when performing hard tasks or tasks in noisy environments (Birn, 2007) . This 32 is consistent with the idea that the brain states can be more or less sensitive for information processing 1 (Fries et al., 2002; Schroeder and Lakatos, 2009 ). 2
Studies on interaction between stimulation-evoked activity and ongoing activity have been usually 3 handicapped by limited specificity and sensitivity. Electrophysiology records broadband neuronal 4 activity ranging from fast-spiking activity to synchronized lower-frequency oscillatory activity of neuronal 5 populations; however, it is technically challenging to detect infra-slow LFP oscillatory activity (e.g., 6
≤0.1Hz) from brain (Palva and Palva, 2012) . fMRI BOLD can detect single stimulation-evoked 7
responses, but the ongoing signals are difficult to characterize without extensive temporal averaging. 8
Furthermore, fMRI signals are low-pass filtered compared to neuronal activity due to the hemodynamic 9 response; whereas electrophysiology techniques are very sensitive to low-frequency artifacts making it 10 more difficult to characterize the frequency range most represented in fMRI data. These problems 11 make it difficult to compare these techniques to study stimulation-evoked rapid neuronal responses and 12 spontaneous low frequency oscillations. 13
Recent advances in ultrasensitive genetically encoded Ca 2+ indicators (e.g., GCaMP6f) permit high-14
spatiotemporal-resolution optical recording of stimulation-evoked neuronal activation with sufficient 15 sensitivity to detect single stimulations. Furthermore, spontaneous oscillatory activity can be detected 16
with Ca 2+ indicators and have begun to be widely used to study mesoscopic connectivity in the rodent 17 low-frequency ongoing activity can be monitored to enable comparison with fMRI-related signals (Gu et 23 al., 2018b) . Here, we applied a custom multimodality imaging platform that combined GCaMP6f Ca 2+ 24 fluorescence imaging, optical intrinsic signal imaging (OISI) and laser speckle contrast imaging (LSCI) 25 to simultaneously measure spontaneous resting neuronal and hemodynamic oscillations and their 26
interactions with stimulation-evoked responses. We analyzed the amplitude and phase dependences 27 between stimulus-evoked neuronal and hemodynamic responses versus the phases of spontaneous 28 brain oscillations via cross-frequency-coupling. In turn, we studied the effects of sensory stimulation on 29 spontaneous Ca 2+ oscillations. Results showed that neuronal Ca 2+ responses evoked by sensory stimuli 30 were inversely modulated by the preceding neuronal Ca 2+ oscillations and this inverse dependency was 31 more prominent with a weak stimulation. Strong stimuli reset the phase of resting neuronal Ca 2+ 32 oscillations to an unpreferable excitability. The hemodynamic response (e.g., ∆HbT) evoked by single 33 stimulation correlated with the corresponding neuronal Ca 2+ response and interacted inversely with the 1 ongoing hemodynamic slow oscillations. Taken together, simultaneous hemodynamic and Ca 2+ imaging 2 demonstrates competing interactions between stimulation-evoked activities and ongoing spontaneous 3 slow oscillations. 
Neuron-specific expression of GCaMP6f in somatosensory cortex of rats in vivo 7
Sprague Dawley rats (male SD rats, n=12) were used in the study. The genetically-encoded Ca 2+ 8
indicator GCaMP6f (AAV1.Syn.GCaMP6f.WPRE.SV40, Penn Vector Core, 0.4µl) was virally delivered 9
into the somatosensory cortex (A/P: -0.25, M/L: +3.0, Depth: 1.2) of rats in Dr Koretsky's laboratory at 10 NIH. These animals were shipped to Stony Brook University after 2-3 weeks for imaging studies. All 11 experiment procedures were approved by the Institutional Animal Care and Use Committees (IACUC) 12 of NIH and Stony Brook University, which were performed in accordance with the National Institutes of 13
Health Guide for the Care and Use of Laboratory Animals. 14
15

Animal preparation for in vivo imaging 16
The rats (300-350g/each) were imaged after 4 weeks of viral expression. Animals were intubated and 17 mechanical ventilated (CWE, SAR-830/P). Anesthesia was induced with 3% isoflurane and then 18 maintained with 2-3% isoflurane in a ~70% oxygen / 30% air mixture. The left femoral artery was 19 cannulated for continues arterial blood pressure monitoring (Small Animal instrument Inc. SA 20 monitoring System, Model 1025) and periodical blood gas sampling (Radiometer America, ABL80 21 FLEX), whereas the left femoral vein was catheterized for drug administration (e.g., α-chloralose 22 anesthetic). The rat was then positioned in a stereotaxic frame (Kopf 900, Tujunga, CA, USA) and a 23 cranial window (~4x5 mm 2 ) was created on the right somatosensory cortex (A/P: -0.25mm, 24 M/L+3.0mm). The dura was carefully removed, and the exposed cortical surface was covered with 25 1.25% agarose gel. A glass coverslip was cemented to the skull to reduce motion of the exposed brain. 26
After the surgery, the animal was transferred to the imaging platform and two electrodes were inserted 27 under the skin of the left forepaw in the space between digits 2 to 3 and between digits 4 to 5. The 1 anesthesia was switched from isoflurane to α-chloralose for functional brain imaging using an initial 2 bolus of 50 mg/kg, followed by a continuous infusion of 25 mg/kg/hr through the femoral vein. During 3 the imaging session, the animal was mechanically ventilated at 1.0Hz to avoid potential effects of 4 physiological regulation (e.g., respiration and heartbeat) on the low frequency oscillations at <1Hz. 5
During imaging, the physiology of the animals was monitored (Small Animal Instrument, Model 1025), 6
including mean arterial blood pressure (MABP), respiration rate and body temperature. The end-tidal 7 CO 2 was also monitored continuously using a Poet IQ2 (Criticare Technologies). 8
Sensory Stimulation 9
Electrical stimuli were delivered through a pair of electrodes implanted under the skin of the forepaws 10 and connected to an electrical stimulator (A-M System 2100, Sequim, WA, USA). Stimulation 11 paradigms were programmed to generate single-forepaw-stimulus of varied stimulation intensities (i.e., 12 2mA, 2.5mA, 3mA and 3.5mA) at varied repetitive periods (i.e., 20s or 0.05Hz, 30s or 0.03Hz, and 50s 13 or 0.02Hz). All stimuli were synchronized with image acquisition using a custom LabVIEW program. 14 Rats were allowed to rest for 5min between 2 adjacent imaging cycles to minimize baseline drift. 15
Simultaneous imaging of neuronal Ca 2+ and hemodynamics 16
A custom multimodality optical imaging platform ( Fig.1a ) was developed for simultaneous imaging of 17 neuronal Ca 2+ fluorescence (λ Ex =488nm, λ Em =515nm), the blood volume/total hemoglobin (HbT, 18 λ HbT =568nm, an isopiestic wavelength of hemoglobin) (Du et al., 2005) , deoxygenated hemoglobin 19 (HbR, λ HbT =630nm), and cerebral blood flow (CBF, λ CBF =830nm) from rat cortex over a large field of 20 view (~4×5mm 2 ) and at a spatial resolution of 6.5µm (1X/0.22NA Plan Apo objective). A multi-channel 21 light engine (Spectra Light Engine, Lumencor), synchronized with a 14-bit sCMOS camera (Zyla4.2, 22
Andor, pixel size=6.5 µm), was coupled into a fiber bundle to sequentially deliver multispectral light to 23 illuminate rat brain through the cranial window. For imaging of forepaw stimulation, 100fps was used for 24 single channel Ca 2+ imaging and 50fps was used for simultaneous Ca 2+ /HbT imaging. For imaging of 1 resting activity, 4 channels (Ca 2+ /HbT/HbR/CBF) were acquired at 12.5Hz as previously reported (Chen 2 et al., 2016) . The illuminations and image acquisitions were controlled by a workstation via a high-3
speed digital time base. Image stacks were streamed into a high-speed hard disk array for post 4 processing. 5
∆HbT, ∆HbR and ∆CBF were quantified as percentage changes relative to their baselines, which were 
Analysis of resting-state Ca 2+ and hemodynamic low frequency osccilations 13
Based on long-duration imaging (e.g., 300~360s), original temporal traces for neuronal Ca 2+ and 14 hemodynamic oscillations ( Fig. S2a) were selected from the same brain region defined by the Ca 2+ 15 responsive area while avoiding major vascular regions. The spontaneous Ca 2+ and hemodynamic 16 traces were then band-pass filtered (zero-phase 3rd Butterworth filtering 0.03Hz~0.5Hz) to remove 17 high-frequency noise and irrelevant physiological frequencies (e.g., respiration at ~1Hz, heartbeat rate 18 at ~5Hz) as shown in Fig.S2b . For spectral analysis, signals were converted from time domain to 19 frequency domain using fast-Fourier-transform (FFT) to show the static spectral properties or using 20 short-time-Fourier-transform (STFT) to show their evolution over time ( Fig.S2c ). Hilbert-transform (HT) 21 was used to extract instant phase profiles of the spontaneous Ca 2+ and hemodynamic oscillations 22 
Immunohistochemistry and ex vivo imaging 25
After in vivo imaging, animals were perfused transcardially with 0.1M PBS (pH7.4) followed by fixation 1 with 4% paraformaldehyde in 0.1M PBS (pH7.4). After 24 hours, the cryoprotected rat brains were 2 sliced to 40-50µm thick slides. For immunostaining, GCaMP6f signal was enhanced by a primary 3 chicken anti-GFP antibody followed by an Alexa Fluoro 488 anti-chicken conjugated secondary 4 antibody. Neurons were identified using Anti-Fox3 mouse primary antibodies. Alexa Fluoro 594 anti-5 mouse conjugated secondary antibody was used to visualize the location of NeuN. Brain slices were 6 then imaged using confocal microscope (A1, Zeiss). 7
Statistics and cross-correlation 8
Sample size for this study was chosen and validated to provide enough power for statistical analysis. 9
All data are presented as mean ± s.e.m. Comparisons between two different groups (e.g., Ca 2+ vs. HbT) 10 or two different time periods (pre-vs. post-stimulation) were analyzed using paired t-test. Comparisons 11 across multiple stimuli trials at different stimuli intensities (e.g., I sti =2mA, 2.5mA, 3mA, 3.5mA) were 12
analyzed using repeated measurement one-way analysis of variance (RM One-way ANOVA). A p-value 13 <0.05 was considered statistically significant for both cases. For cross-correlation between two 14 temporal traces (e.g., Ca 2+ and HbO 2 ), the Pearson correlation coefficient was calculated with a p-value 15 provided. A p-value <0.05 was considered linearly correlated. ). (f)
12
Illustration of simultaneous imaging of synchronized Ca 2+ from neuronal population and the local hemodynamics.
14
To image the interaction between stimulation-evoked brain responses, including neuronal Ca 2+ and 15 hemodynamic responses with their ongoing brain activity, a custom multimodality imaging platform 16 ( Fig.1a ) was applied to simultaneously acquire Ca 2+ fluorescence and hemodynamic images at high 17 temporal resolution. Genetically encoded Ca 2+ indicator was delivered via viral injection 18 (AAV1.Syn.GCaMP6f.WPRE.SV40) into the rat's somatosensory cortex to express GCaMP6f in neuron 1 populations mostly in layers IV-V of the forepaw region ( Fig.1b ). After the 4 weeks of GCaMP6f 2 injection, in vivo imaging was performed with subsequent ex vivo imaging to confirm the neuronal 3 specificity of GCaM6f expression within the cortex ( Fig.1c-d, Supplemental Fig.S3 ). In ex-vivo imaging, 4
both GFP antibody (to enhance GCaMP6f signaling) and NeuN antibody (to label neurons) were 5 applied to determine the efficiency of GCaMP6f expression in neurons ( Fig.1d ). It should be noted that 6
unlike previous studies that utilized non-cell-specific voltage-sensitive dyes (Arieli et al., 1996) and Ca 2+ 7
indicators (e.g., Rhod 2 ) (Du et al., 2014) to monitor regional activities, GCaMP6f Ca 2+ fluorescence 8 enables imaging of both spontaneous and stimulation-evoked activities solely from neuronal 9 populations, and avoids the ambiguity of mixed Ca 2+ signaling from other cell types such as astrocytes 10 Ca 2+ and ∆HbT, respectively (n=12 stimuli-trials were tested). All data are presented as mean ± s.e.m.
10
A recent wide-field fluorescence microscopy study showed that resting-state neuronal Ca 2+ fluctuations 11 peak response, t LFP =5.64±0.11ms for LFP is shorter than t Ca2+ =83.29±4.49ms for Ca 2+ (p<0.001, n=12), 20 and dramatically shorter than t HbT =6.31±0.186s (p<0.001, n=12) for HbT ( Fig.2j ). The duration of 21 transient response ∆t LFP =74.83±3.67ms of LFP is shorter than ∆t Ca2+ =571.8±34.21ms of Ca 2+ (p<0.001, 22 n=12), both of which are drastically shorter than ∆t HbT =9.63±0.325s of ∆HbT (p<0.001, n=12) ( Fig.2k ). It 23 is noteworthy that the temporal property of Ca 2+ transients obtained with the multimodality imaging 24 platform ( Fig.2g ) is similar to that imaged with single-neuron-resolution two-photon microscopy (Chen applied under both strong (e.g., ≥3mA) and weak (e.g., ≤2.5mA) stimulation intensities so as to ensure 1 stimuli occurred throughout the phase of ongoing activity. 'Strong stimulation' (with 3mA) always elicited 2 a maximal response; 'weak stimulation' (with 2mA) was set so as to evoke a detectable response at 3 about 50% occurrence rate. The slow and varying stimulation frequency ensured that stimuli were 4 delivered at different phases (φ) of the ongoing LFOs. For each stimulus, φ was extracted by Hilbert 5 transform and the evoked Ca 2+ transient was quantified by the relative fluorescence change (∆F/F). For 6 each animal (n=12), repeated forepaw stimuli trials (m=8) were tested at three stimulation frequencies, 7 yielding a total of 288 stimulation trials for both strong and weak stimulation paradigms. The trial-to-trial 8 dependence of Ca 2+ transient amplitude on the phase of ongoing Ca 2+ LFOs showed higher Ca 2+ 9 transients towards the trough of Ca 2+ LFOs, suggesting a higher Ca 2+ response to a stimulation if 10 occurred in a lower LFO state (Fig.4d ). Both weak and strong stimulations showed a similar ∆F/F-φ 11 relation. Statistical results in Fig.4e show that the Ca 2+ transient amplitudes evoked near the LFO peaks 12 (φ≈0, 2.53±0.433%, n=34 for strong and 0.3±0.12%, n=15 for weak stimulations) were significantly 13 lower than those evoked near the LFO troughs (φ≈π, 3.89±0.362%, n=97, p<0.001; 1.48±0.13%, n=12; 14 p<0.001), suggesting that the Ca 2+ response to forepaw stimulation is inversely modulated by the 15
ongoing Ca 2+ LFOs. The response to weak stimulation increased by ∼4-fold ((1.48%-0.3%)/0.3%) 16
depending on the phase of the LFO, while the response to strong stimulation increased by only ∼50% 17 ((3.89%-2.53%)/2.53%). Thus, on a percent basis the weak stimulation was much more affected than 18 the strong stimulation. Interestingly, in terms of absolute Ca 2+ signal the change due to the phase of the 19 LFO was similar for both stimulations, e.g., ∼1.4% (3.89%-2.53%) for strong stimulation and ∼1.2% 20
(1.48%-0.3%) for weak stimulation. 21
22
To eliminate the variability across animals. we also reprocessed the data by normalizing the 23 Ca 2+ responses for each animal to their own strongest Ca 2+ responses and plotted the when detected these transients did not cause significant interruption to the ongoing Ca 2+ LFO phases. 13
Stronger stimulations (e.g., 3-, 3.5-mA) evoked strong Ca 2+ transients and reset the phases of ongoing 14 Ca 2+ LFOs as indicated by transient phase disruptions (Fig.5b) . Results based on 288 stimulation trials 15 (Fig.5c) show a uniform phase distribution before stimulation (e.g., at 0.5s prior to stimulation onset) as 16 assessed by using Kuiper V tests (Pycke, 2010) . For post stimulation analysis, LFO phase changes 17
were measured at 1s after the stimulation onset to take into account for the 571.8±34.21ms of 18
GCaMP6f Ca 2+ transient duration evoked by single forepaw stimulation. Fig.5d shows that the LFO 19 phases after weak stimulations were not significantly different from the uniform distribution; whereas 20 stronger stimulations resulted in significant deviations from uniform distributions (p < 0.001) towards a 21 more concentrated φ≈0 phase region. The probability of post-stimulation phase within [-π/6, π/6] was 22 30.37% for 3mA and 50.22% for 3.5mA, which were higher than 27.69% at 2.5mA, 22.61% at 2mA. 23
Such phase reset effects may suggest adaptation of spontaneous neuronal activity to sensory 24 stimulation by tuning its LFO phases to unpreferable excitable states for subsequent stimulations. 
12
The simultaneous imaging capability of the multimodality imaging platform enabled us to analyze the 1 complex interactions between stimulation-evoked neuronal and hemodynamic responses and their 2 ongoing spontaneous LFOs. Fig.6a shows spontaneous neuronal Ca 2+ LFOs including stimulation- onsets at trough and crest of the ∆HbT oscillations (Fig.6b) . The corresponding Ca 2+ and ∆HbT phases 7
were computed using Hilbert transform (Fig. S2) . Unlike Ca 2+ transients that are clearly differentiable 8 from background LFOs, the ∆HbT responses due to their longer duration and lower amplitude were 9 more difficult to extract from the background HbT LFOs. In order to reliably quantify stimulation-evoked 10 ∆HbT responses, we first computed the absolute ∆HbT as the difference between the peak HbT value 11 and the averaged HbT level over the resting LFO (dashed green line, Fig.6c ); then the normalized 12
∆HbT response was quantified as the first rising slope following the stimulus onset (Fig.6c ). The trial-to-13 trail dependence of the normalized ∆HbT transient amplitude on the phase of ongoing LFOs shows a 14 tendency of higher ∆HbT transients towards the trough of ∆HbT LFOs, suggesting a stronger ∆HbT 15 response with a lower LFO state (Fig.6d) . Indeed, statistical analysis shows significantly stronger ∆HbT 16 responses evoked at the troughs than at the crests (Fig.6e) . Meanwhile, regression analysis showed a 17 linear correlation between the normalized ∆HbT responses and the corresponding Ca 2+ transients 18 (r=0.567, p<0.001, n=128 trials), as shown in Fig.6f . Taking together, both neuronal Ca 2+ transient and 19
∆HbT responses evoked by single forepaw stimulations were inversely modulated by the ongoing Ca 2+ 20 and hemodynamic LFOs. 21
22
Discussion
23
Stimulation-evoked brain responses have been observed to exhibit trial-to-trial variability, which is 24 believed to be associated with the underlying spontaneous brain activity and shapes our behavioral 25 response to the external world (Kisley and Gerstein, 1999) . Conventional electrophysiological methods 26 are highly suitable for studying the ultrafast transmembrane electrical signals; however, such signals 27 containing broad frequency components are very sensitive to motion-induced low frequency 28 fluctuations, thus rendering it difficult to study low-frequency oscillations widely observed in fMRI. The 29 brain mapping techniques based on hemodynamic signals suffer from the compound effects that exist 30 in the neurovascular coupling process (Chen et al., 2015) . Thus, there is always a demand for 31 simultaneous tracking of the neuronal response along with the hemodynamic responses to each single 32 stimulus trial to uncover the complex neuronal and hemodynamic changes (Debener et al., 2006 ; 33 1 ongoing brain oscillatory activities, it is challenging to provide side-by-side comparisons to correlate the 2 results among different methods that interrogate brain activities at vastly different spatiotemporal scales, 3 especially at low frequencies in the ongoing activity. Recent advances in ultrasensitive genetically 4 encoded Ca 2+ indicators have improved the optical detection of neuronal transient spikes with sufficient 5 signal-to-noise ratio in a cell-specific fashion. The kinetic property of GCaMP6f is over 300ms (Chen et 6 al., 2013) , which makes it challenging for the Ca 2+ imaging to capture individual Ca 2+ transients while 7 stimulation rate is ≥3Hz due to the insufficient time gap between repetitive stimuli (≤330ms) to restore 8
Ca 2+ back to the baseline for each stimulation (Fig. S5) . Some alternative strategies have been used to 9 overcome this issue, for example by averaging across multiple stimulation trials (van Alst et al., 2019) 10 or using endoscopic photometry to target small neuro ensembles . In this study, we 11 combined the multimodality imaging platform and GCaMP6f to simultaneously study stimulation-evoked 12 neuronal and hemodynamic responses concurrently with the resting low frequency oscillatory activities 13
in the cortex and analyzed the interactions between the stimulation-evoked activation with spontaneous 14 brain oscillations. Specifically there were three major advantages: (1) Neuron specific Ca 2+ imaging with insights in the complex interactions between spontaneous neuronal oscillations and the task or 28 stimulation-evoked neuronal responses. The results using Ca 2+ evoked responses confirm that the 29 variability in fMRI results to single-forepaw-stimulation-evoked hemodynamic responses can be due to 30 when the stimulus is presented during ongoing neural oscillations (Duann et al., 2002) . They also 31 confirm that the phase of the ongoing activity can impact the level of stimulus-evoked responses, 32
making it possible that the state of the brain can impact detectability and performance in noisy showed the strongest correlation (negative) with Ca 2+ after time shifting (Fig. 3d) . Similar results were 20 also observed in both optical imaging (Vazquez et al., 2014) and fMRI , which showed 21 stronger correlation between Ca 2+ fluctuation and BOLD signal than the correlation between Ca 2+ 22 fluctuation and total hemoglobin (HbT) with similar time-delays. This could be caused by the delays in 23 the metabolic and vascular responses to the Ca 2+ increase or the transient time of hemoglobin through 24 the vasculature, which is on the order of a few seconds (Hutchinson et al., 2006) . Indeed, in rodent 25 models peak BOLD response occurs a few seconds after the onset of stimulation (Kennerley et al., 26 2012; Silva and Koretsky, 2002) . Meanwhile, we should also be aware of that the correlation 27 coefficients could be altered due to slightly tuned temporal profiles of hemodynamic components, which 28 are extracted from brain regions consisting of different small arterioles and veins (Ma et al., 2016a) . To 29 avoid the hemodynamic comtaination in Ca 2+ fluoresence signal due to varied tissue absoprtion, the contribute to the Ca 2+ fluorescence changes. However, the previous studies reported that the density of 20 excitatory neurons was higher than that of inhibitory neurons in rat's primary somatosensory cortex 21 (Narayanan et al., 2017) , it might imply that the Ca 2+ oscillatory activity detected in the somatosensory 22 cortex is primarily attributed to the excitatory neuron populations. It will be interesting to separate 23 excitatory and inhibitory neurons in future studies. 24 25
Ongoing Ca 2+ and hemodynamic oscillations inversely modulate Ca 2+ transient and 26 hemodynamic responses to single stimulation 27
The trial-to-trial variability of brain response to functional stimulation has been well documented in fMRI 28 and electrophysiological studies (Arieli et al., 1996; Duann et al., 2002; Sutton et al., 1965) . This 29 variability is not quantitatively understood but is believed to be associated with the difference in pre-30 stimulus states of the spontaneous neuronal dynamics or variation in neurovascular coupling. 31
Some electrophysiological studies have shown that stimulation-evoked high-frequency neuronal 1 responses are modulated by the neuronal low-frequency oscillations, suggesting that certain favorable 2 pre-stimulus states would either amplify or suppress the stimulation-evoked neuronal responses in 3 auditory cortex (Kisley and Gerstein, 1999; Kruglikov and Schiff, 2003; Lakatos et al., 2007) and visual 4 cortex (Azouz and Gray, 1999) . Although these findings might implicate the interpretation of trial-to-trial 5 variability observed in fMRI, it is difficult to correlate the datasets obtained from these two approaches 6 (electrophysiology and fMRI) because of their vastly different spatiotemporal scales. In this study, the 7 discrepancy was minimized by the simultaneous Ca 2+ and hemodynamic imaging of both resting 8 spontaneous oscillations and stimulation-evoked neuronal and hemodynamic responses. The results 9
show that single-stimulation-evoked Ca 2+ transients were stronger at the troughs of the spontaneous 10 Ca 2+ oscillations; this finding is in line with previous electrophysiology studies that correct visual 11 perceptions were linked to an optimal phase of ongoing oscillations (Busch et al., 2009 ) and strongest 12 auditory responses were observed at the trough of the theta oscillations (Lakatos et al., 2005) . 13
Comparing the Ca 2+ transients' amplitude and phase dependency in strong stimulation and weak 14 stimulation scenarios, we noticed the higher standard deviation of Ca 2+ responses near the crest of 15 fluctuations in strong stimulation case while compared with those in weak stimulation. the difference in 16
Ca 2+ transients' variability near the crest for strong and weak stimulations likely reflects that the weak 17 stimulation was much more affected than the strong stimulation by the states of the resting neuronal 18 activity. This was the case in the present studies even for the LFOs studies here. The simultaneously 19
acquired ∆HbT responses when quantified as normalized HbT increases were also negatively 20 modulated by the spontaneous HbT oscillations, although the absolute ∆HbT increases were 21 superposed to the ongoing HbT oscillations. Further analysis showed that the normalized HbT 22 responses linearly correlated with the intensity of the corresponding Ca 2+ transients. Due to a trade-off 23 between the acquisition time and total channels to be imaged in our current system, we were only able 24
to simultaneously image single-stimulus-evoked Ca 2+ transients along with the ∆HbT responses at 25 sufficient temporal resolution (50 fps). Further improvement in imaging system will be needed to 26 capture the Ca transients currently with multiple channels of hemodynamic changes at a high speed. 27 28
Sensory stimulation induced phase reset of neuronal oscillations might reflect brain's 29 adaptation to subsequent sensory inputs. 30
The spontaneous slow oscillations modulated the neuronal responses to forepaw stimulation and 31 strong forepaw stimulations in turn reset the phases to the crests of the ongoing neuronal oscillations 32
which are a non-preferable state for the subsequent stimulations. Unlike some previous studies on the 33 phase reset across different cortices such as somatosensory input to reset the phase of ongoing 1 neuronal oscillations in auditory cortex within the delta, theta and gamma bands to preferable excitable 2 states, the phase reset within the same brain region might suppress the subsequent response to It is not clear how to quantitatively analyze the changes in Ca 2+ signal. Changes in the number of cells 8 that are excited can increase Ca 2+ signal. In addition, changes in the frequency of firing in a cell can 9 lead to increases in Ca 2+ . Assuming that the dominant effect in these studies is that Ca 2+ signal 10
primarily changes due to the number of cells that are excited enables the data to be interpreted by a 11 simple model. Ongoing activity changes the number of cells that are spontaneously firing with fewer 12 cells firing in the trough as opposed to the crest of the Ca 2+ LFOs. A weak stimulus causes a few cells 13
to fire and at the trough of the LFOs; there are more cells ready to respond to the stimulus than at the 14 crest of the LFOs. These changes in cells that can fire to the weak stimulation lead to the very large 15 percent change in cells that fire to the weak stimulation. However, since very few cells are excited by 16 the weak stimulus, this does not affect the LFOs. The strong stimulus can also evoke more cell firing at 17 the trough than the peak of the LFOs due to the fact that the strong stimulus causes many more cells to 18 fire than the LFOs do, the effects of the phase of the LFO are proportionately less important. 19
Furthermore, the strong stimulus causes so many cells to fire that it dominates the LFOs and causes a 20 reset in the phase. The ability to monitor both ongoing activity and stimulus evoked activity with the 21 Ca 2+ indicators should enable testing of this model by monitoring Ca 2+ at a single cell level and counting 22 cells affected by LFOs and sensory stimulation. 23 We are aware that the variability in GCaMP6f expression ratio and the difference in stimuli-evoked Ca 2+ 24 response amplitudes are important influencing factors for the aforementioned hypothesis. To ensure 25 the similar fluorescence expression rate across animals, we quantified the GCaMP6f neurons versus 26 total neurons at difference cortical depths in brain slices. As shown in supplemental Fig. S3 , the 27 majority GCaMP6f expression was located in the cortical layer IV and V accounting for 63.3% of total 28
GCaMP6f expressed neurons in the cortex. The averaged expression ratio for GCaMP6f within cortical 29 layer IV/V is about 29.6±1.1% across experimental animals (n=12) with a small deviation range (max: 30 36.1%, min: 23.9%). To minimize the effect of variability in GCaMP6f expression on the amplitude-31 phase dependence signaling, the normalization process of Ca 2+ responses to its maximal response was 32 conducted for each animal. The normalized results are summarized in Fig. S6 , showing a consistent 1 amplitude-phase coupling pattern as shown in Fig. 4 above. 
Limitation 3
A limitation of this study was that anesthetized animals were studied. Imaging awake animals would be reported that an increase of delta-band and oscillatory signal between 0.08-0.4Hz was observed in 7 anesthetized mice (i.e., Ketamine) compared with awake mice (Wright et al., 2017) . In this study, we 8 used anesthesia to minimize the motion effect of the animal and to remove alterations of physiological 9 effects such as blood PCO 2 and arousal/stress states on the measurement. Many fMRI studies have 10 used α-chloralose as was done here, because: 1) it preserves metabolic coupling for somatosensory 11 stimulation (Ueki et al., 1992); 2) it provides a normal CBF baseline close to that measured in the 12 awake state compared with other anesthetic agents such as isoflurane (Masamoto et al., 2006) ; and 3) 13 it preserves cerebrovascular reactivity (Bonvento et al., 1994) . 14 Here, a small dose of 25mg/kg/hr of α-chloralose was used in order to minimize the impacts of 15 anesthesia. To study its effects on neuronal activities, we recorded the LFP in the cortex while the rat 16
was under different doses of α-chloralose, i.e., 20 mg/kg/hr, 30 mg/kg/hr and 40 mg/kg/hr, respectively. 17 70-, 100-mg/kg). Also, we compared the power spectra of Ca 2+ , HbO and HbR between the awake 21 state and 30 minutes after administrating α-chloroses (114 mg/kg, i.p.) (Low et al., 2016) obtained from 22 the same animal. Our data showed the dominant oscillations at ~0.1Hz in the spectra of Ca 2+ , HbO and 23
HbR as shown in Supplemental Fig. S8b , which were consistent at the awake state and after α-24 chloroses, indicating no significant effects of α-chloralose on the slow frequency oscillatory activities of 25 both neurons and hemodynamics in the cortex. In addition, the correlations of calcium signals with 26 hemodynamic changes (i.e, Ca 2+ -vs-HbO and Ca 2+ -vs-HbR) were analyzed at awake and α-27 chloralose-anesthetized status as shown in Supplemental Fig. S8c . The similarity of the cross-28 correlation spectra between these two states indicate that the neurovascular coupling was preserved in 29 α-chloralose condition. 30
Electrical stimulation induced pain might change the functional and metabolic process in animal 1 brain(Amirmohseni et al., 2016), To make sure anesthesia was deep enough we pinched the forepaw 2 (e.g., by forceps) to assess pain response of the animal before we proceeded to the image acquisition. 3
In addition, the animal mean arterial blood pressure (MABP), heart rate, respiration rate and body 4 temperature were continuously monitored (Supplemental Fig. S4 ). These approaches helped us to 5 ensure no pain to influence on our signals. Indeed, the lack of change in these parameters indicates 6 that the single pulse stimulation we used did not induce pain including at the 3 mA current level. 7
In conclusion, the results indicate that there are interactions between ongoing brain activity at low 8 frequency and evoked responses in rodent somatosensory cortex. Genetically encoded Ca 2+ 9 fluorescent indicators have enough sensitivity to measure both the state of the LFOs and the response 10 to stimulation without averaging either. Stimuli arriving at a trough of ongoing activity illicit a stronger 11 Ca 2+ response than those that arrive at a crest of ongoing activity. The effects are proportionally larger 12 for weak stimuli. Furthermore, strong stimuli cause a reset of the ongoing low-frequency activity to be 13 in a state that will cause smaller responses to the next stimulus. Further studies will enable the cellular 14 origin of these effects to be determined. discussing the results and writing the manuscript. 20
21
Acknowledgments 22
We thank Kevin Clare for the help on ex vivo imaging. We thank Xin Yu and Kathyrn Sharer for helping 23 with virus injection This research was supported in part by National Institutes of Health grants 24 R01DA029718 and R21DA042597 (Y.P., C.D.), and by the NINDS, NIH intramural program (APK). 25
26
Reference 27
Amirmohseni, S., Segelcke, D., Reichl, S., Wachsmuth, L., Görlich, D., Faber, C., Pogatzki-Zahn, E., 2016. 28 Characterization of incisional and inflammatory pain in rats using functional tools of MRI. NeuroImage 127, 110-29 122. 30 Arieli, A., Sterkin, A., Grinvald, A., Aertsen, A., 1996. Dynamics of ongoing activity: explanation of the large 31 variability in evoked cortical responses. Science 273, 1868-1871. 32
